Integrated single-crystal-like small and wide-angle X-ray diffraction images of a CdSe nanosheet under pressure provide direct experimental evidence for the detailed pathway of transformation of the CdSe from a wurtzite to a rock-salt structure. Two consecutive planar atomic slips [(001) h110i in parallel and (102) h101i with a distortion angle of ∼40°] convert the wurtzite-based nanosheet into a saw-like rock-salt nanolayer. The transformation pressure is three times that in the bulk CdSe crystal. Theoretical calculations are in accord with the mechanism and the change in transformation pressure, and point to the critical role of the coordinated amines. Soft ligands not only increase the stability of the wurtzite structure, but also improve its elastic strength and fracture toughness. A ligand extension of 2.3 nm appears to be the critical dimension for a turning point in stress distribution, leading to the formation of wurtzite (001)/zinc-blende (111) stacking faults before rock-salt nucleation.
Integrated single-crystal-like small and wide-angle X-ray diffraction images of a CdSe nanosheet under pressure provide direct experimental evidence for the detailed pathway of transformation of the CdSe from a wurtzite to a rock-salt structure. Two consecutive planar atomic slips [(001) h110i in parallel and (102) h101i with a distortion angle of ∼40°] convert the wurtzite-based nanosheet into a saw-like rock-salt nanolayer. The transformation pressure is three times that in the bulk CdSe crystal. Theoretical calculations are in accord with the mechanism and the change in transformation pressure, and point to the critical role of the coordinated amines. Soft ligands not only increase the stability of the wurtzite structure, but also improve its elastic strength and fracture toughness. A ligand extension of 2.3 nm appears to be the critical dimension for a turning point in stress distribution, leading to the formation of wurtzite (001)/zinc-blende (111) stacking faults before rock-salt nucleation.
phase transition | semiconductor | dimensionality R ational synthesis of materials with defined structure and properties requires a reasonably complete understanding of the associated kinetic transformations and microscopic mechanisms (1) . We need to know these in order to understand how associated soft-bonded organics may tune structural stability, elastic strength, and fracture toughness (1) (2) (3) . The study of solid-solid phase transformations of materials, and their structural stabilization upon incorporation of soft materials at different scales, can be very helpful in this regard. For instance, application of pressure and temperature converts graphite to a hard diamond phase that persists at ambient conditions, allowing for a wide range of known applications (4) . Upon addition of soft materials such as silicon and metals (5, 6) , the sintered diamond-dominant nanocomposites show improved yield strength and fracture toughness (by several orders of magnitude) without significant diminution of hardness.
Many fascinating natural substances, such as human bone and other biological materials, also contain exceptionally strong building blocks (2, 3) essential to their function. The subtle interplay between soft organics and embedded brittle materials is responsible not only for enhancement of the structural stability of embedded brittle materials, but also for improvement of the yield strength and fracture toughness of assembled hierarchical organizations (2, 3) .
Microscopic mechanisms of transformation are difficult to determine. In bulk solids, as metastable higher energy and higher density phases nucleate in multiple domains, structural features (such as defects, microstructure, and impurities) may modify significantly the kinetics and mechanism of a phase transformation. In principle, calculations could provide the energy difference between structural polymorphs at a given pressure or temperature. But putting aside problems in computing activation barriers, there is often a large discrepancy between theory and experiment. For instance, the nucleation pressure of the bulk zinc-blende to rock-salt ZnS phase transformation (with variable microstructure and lattice strain) was observed over a wide pressure range, 8 ∼ 16 GPa (7-11). However, the calculated thermodynamic transformation pressure was 14.7 ∼ 16.1 GPa (12) (13) (14) .
To avoid the effect of structural peculiarities on transformation mechanism, one should ideally carry out measurements on a perfect defect-free crystal. Small nanocrystals behave as defect-free small crystals in which a single domain dominates the nucleation of another structure phase. In a defect-free nanocrystal, if we exclude the contribution of the size-dependent surface energy, the experimental transformation pressure should be equivalent to the calculated transformation pressure (15) . One supportive example is that an observed transformation pressure of 15.1 GPa in 15 nm zinc-blende ZnS agrees well with the calculated transformation pressure (15); 15 nm in zinc-blende ZnS proves to be a critical size for nanoparticles to behave like a defect-free bulk crystal (16, 17) . [We used theories developed in the literature (16, 17) to define the two critical sizes of 15 nm and 4 nm for zinc-blende ZnS. These appear to be the turning point for the particle to be strain-insensitive and defect-free, respectively (15) .]
In this context, the Alivisatos group has performed a rich spectrum of measurements on spherical CdSe nanoparticles using synchrotron X-ray diffraction and optical spectroscopy at wellcontrolled pressure and temperature (18) (19) (20) (21) . The observed transformation pressure as a function of particle size, and the pressure dependence of the relaxation time provide ways to determine the activation volume and barrier height (for the wurtzite → rock-salt phase transformation) (9) . Several models for the transformation were then derived, leading to a reasonable description of the microscopic mechanisms (18, 21) . However, one is still not sure experimentally of the true pathway, because a comparison of a measured X-ray diffraction (XRD) pattern with several simulated patterns (necessary because of different microstructural assumptions in simulations) is required (21) . In parallel investigations, theoretical simulations have suggested several subtle steps that were not included in the proposed transformation pathways (22) (23) (24) . One might not know whether to trust theory or experiment here; an experimental key is lacking to open this black box and single out the true transformation pathway. In this study, we show that a technique integrating in situ smallangle X-ray diffraction (SAXRD) and wide-angle X-ray diffraction (WAXRD) can identify the preferred sample orientation and elucidate quite precise details of the phase transformation mechanism of CdSe nanosheets. [In Fig. 1 , we use one SAXRD image taken at high pressure in which a full texture is shown for better understanding. This is because a large beam stop was used in the X-ray diffraction image collection at 0 GPa for detector protection. Thus half the diffraction ring (Inset SAXRD) was blocked.]
Results and Discussion 1. Experiments and Transformation Pathway. Highly uniform 1.4-nmthick CdSe nanosheets have been shown to have a defect-free wurtzite structure with a (001) growth direction (25, 26) . [In hexagonal crystal systems, there are two conventions for labeling crystal planes, a three-index and a four-index label. In this paper, we consistently use the three-index notation. CdSeð001Þ ¼ 0001; CdSeð110Þ ¼ ð1120Þ.] Two (110) facets dominate the top and bottom surfaces; (001) facets terminate the two side surfaces. The CdSe nanosheets are not pristine; bonded to the (110) surfaces are organic ligands of octylamine or oleylamine or some mixture of these. There are van der Waals forces between CdSe nanosheets, and these lead to lamellar mesostructure (26) . [The CdSe nanosheets bonded at their surface with several types of ligands that have different chain lengths were synthesized by a lowtemperature solution chemical synthesis (25, 26) . The length scale of each sample was characterized by SAXRD.]
The highly oriented samples display a single-crystal-like XRD image, indicating that the lamellar superstructure CdSe nanosheets are loaded with expected orientations into a diamond anvil cell (DAC). The in situ synchrotron XRD diffraction images collected under pressure reveal a series of pressure-or transformation-tuned texture changes. These allow precise tracking of the position and magnitude of atomic distortion and translation during the wurtzite ↔ rock-salt structural transformation. Fig. 1 shows the SAXRD and WAXRD images that correspond to the shape and lattice of lamellar CdSe nanosheets in our experiment. Two single-crystal-like broad diffraction spots in the SAXRD image reveal that the basal lamellar layer is parallel to the force-loading axis of DAC (incident X-ray direction). Correlating the lattice structure of CdSe nanosheets, the WAXRD image indicates that either the (100) or (001) plane is parallel to the diamond anvil surface. The strong spotty diffraction characteristics develop at (002) rather than at (100); this indicates that the (100) plane prefers to be oriented parallel to the diamond anvil. Following such alignment, a lattice orientation was tuned with the (100) plane perpendicular, and both (110) and (001) planes parallel to the incident X-ray beam.
The SAXRD and WAXRD measurements on the CdSe samples (terminated by a mixture of octylamine and oleylamine, as analyzed in SI Text and Fig. S1 ) were then carried out over a pressure range of 0-12.7 GPa. The WAXRD images ( Fig. 2A) indicate that wurtzite CdSe transforms to a rock-salt structure at ∼10.7 GPa, a pressure significantly greater than the transformation pressure of 2.5 GPa observed in bulk CdSe (18) . It is worth noting that the wurtzite (002)/zinc-blende (111) stacking fault was not detected before the nucleation of the rock-salt phase.
Upon decompression, a mixture of wurtzite and zinc blende is observed at 3.1 GPa. On further release of pressure, a single wurtzite phase is fully recovered (Fig. 2B) . However, in bulk and other nanocrystal CdSe samples, the CdSe recovered from high pressure always has the zinc-blende structure (3), no matter whether the starting CdSe sample crystallizes in a wurtzite or zinc-blende structure. The SEM characterization indicates that pressure and phase transformation do not result in a noticeable fracture of the nanosheet; the coexistence of zinc blende and wurtzite is observed at 3.1 GPa. Most likely one is seeing a series of wurtzite (002)/zinc-blende (111) stacking faults across the original (001) growth direction of the nanosheet.
An azimuthal plot of typical WAXRD images reveals that CdSe nanosheets produce two strong single-crystal-like diffraction spots located on the W (002) ring (Fig. 3A) . In Fig. 3A , the notation is W ¼ wurtzite, RS ¼ rock salt, and Z ¼ zinc blende. Upon phase transformation at 10.7 GPa, two similar diffraction spots are assigned to the nucleated rock-salt (111) ring and are developed from the two W (002) spots at a shift angle of ∼40° (  Fig. 3A) . Relative to the RS (111) spots, the two RS (200) spots emerge at a rotation angle of 55°and 23°, respectively. Releasing the pressure to 3.1 GPa, the two diffraction spots on the overlapping ring of Z (111) and W (002) appear at the same positions as the starting W (002) spots ( Fig. 2A) . In Fig. 3B , the WAXRD patterns of CdSe nanosheets with an intersheet distance of 2.3 nm at 8.1 GPa indicate the coexistence of zinc-blende, wurtzite, and rock-salt CdSe structures.
Using the experimental information on the way pressure tunes the rotation and translation magnitude of single-crystal-like XRD spots, the transformation pathway from wurtzite to rock salt in the nanosheets may be unambiguously reconstructed, as shown in Fig. 4 A and B.
There are two sliding steps in the transformation: (i) W CdSe activates the basal system ð001Þh110i. Pressure forces the Cd and Se atoms to slide relative to each other (move out and in of the plane) in the (001) plane (Fig. 4A) . The sequence is similar to the known deformation mechanism in hcp-type metals (27) . In prin- Representative high-pressure wide-angle X-ray diffraction patterns of lamellar CdSe nanosheets: (A) compression run, indicating that wurtzite transforms to rock salt at 10.7 GPa; (B) decompression run, indicating that the rock-salt structure of the CdSe nanosheet transforms to a mixture of zinc-blende and wurtzite structures at 3.1 GPa, and at 0 GPa is completely converted back to the wurtzite structure.
ciple, such a planar shift creates W (001)/Z (111) stacking faults; they are detected only in the "short-ligand"-bonded CdSe nanosheets, rather than the ones bonded to long ligands.
(ii) In the next step, the (102) plane atoms slide along the h101i direction with an angle of 40°, producing the two observed shift angles of 55°and 23° (Fig. 3A) . The first angle (55°) is consistent with the ideal intercepting angle of 54.7°between RS (200) and RS (111) (Fig. 4B) . The other one (23°) is an approximate average of the two interception angles between groups of equivalent crystallographic planes [e.g., ð200Þ and ð111Þ vs. ð020Þ and ð111Þ] in a rock-salt structure (see SI Text and Fig. S2) .
The large lattice strain (revealed by the remnant of the highly textured W (102) ring in the rock-salt pattern in Fig. 2A ) could explain the unsymmetrical occurrence of the second diffraction spot. The 3-and 4-fold axes in the rock-salt phase are rotated by 40°and 5°(or 15°) against the 6-fold axis of the starting wurtzite structure. The strain-free and highly strained environments lead to axial rotation by 5°and 15°(4-fold axis in RS against 6-fold axis in W), respectively (28, 29) , explaining well the ambiguous observations contrasting bulk single crystal CdS (28) and CdSe (29) . [In bulk single crystals, they observed a rotation angle of 5°and 15°from the 6-fold axis of wurtzite in CdS (28) and CdSe (29) , respectively, to form the 4-fold axis of rock salt.] 
Beginning with a seven-layer CdSe slab model covered by methylamines at 0 GPa, we optimize the slab structure at 2.5 GPa, 5 GPa, 7 GPa, 8 GPa, and 15 GPa, respectively, of which at 2.5 GPa, 7 GPa, and 8 GPa are shown in Fig. 5 . The CdSe layers and coordinated methylamine layers are apparent. Following the CdSe geometries, one can see that the wurtzite phase undergoes a transformation to a rock-salt phase at 8 GPa; the phase transformation is barrier-free. Because of the lack of an energy barrier to the reverse structural transformation route (rock salt → wurtzite), the pressure-tuned roc-ksalt CdSe phase cannot be retained at ambient conditions after compression. This is in agreement with our experimental observations. It is remarkable that the transition (wurtzite → rock salt) in 2D nanosheets occurs at ∼3 times higher pressure than that necessary for transforming the bulk structures. The calculated transition pressure of 2.5 GPa for bulk structure agrees well with experiment (18). In Fig. 5 , the way the atoms shift in the transformation is marked by arrows in the 7-GPa geometry (see magnification).
The phase transition may be tracked in another way. Fig. 6 shows the calculated volume as a function of pressure (V-P curve) for CdSe nanosheets with adsorbed surfactants. There is an initial sharp decrease in volume between 0 GPa and 2.5 GPa. This volume reduction of 34% is likely due to relatively facile squeezing out of van der Waals space between ligand layers. Such behavior has been observed in molecular crystals under pressure (30) . Another volume jump at 7 GPa is observed in the V-P curve, indicative of a phase transition. From the detailed atomic coordinates shown in Fig. 5 , it may be seen that this is the wurtzite → rock salt transition in the CdSe nanolayer. In the transition zone, the corresponding volume reduction is 11%, as shown in Fig. 6 . Note that there is a small enthalpy difference (ΔH ¼ H 7 GPa − H 8 GPa ) of 2.38 eV per unit cell (Cd 14 Se 14 ), at this transition, as shown in Fig. 6 Inset.
The phase transition is "delayed" by the dimensionality and/or coordination to surfactant molecules. To check the effect of surfactants on the phase transition, the seven-layer CdSe slab without methylamines was optimized at 5 GPa and higher pres- sures; a rock-salt phase was obtained (see SI Text and Fig. S9) . Thus, the coordination to surfactants is the important factor in delaying the phase transition.
3. Pressure-Tuned Rock-Salt CdSe Nanosheets. The simulated X-ray diffraction patterns of the seven-layer CdSe slab at 7 GPa and 8 GPa are shown in Fig. 7A , respectively. The λ used is 0.486 Å, the same λ as in the experimental study. A great difference in the X-ray diffraction pattern at 7 GPa and 8 GPa is observed, indicating that the structure has changed markedly. The simulated X-ray diffraction patterns agree reasonably well with the results obtained in our experiment (see Fig. 2 ). The nanosheets, even if they are seven layers thick, are quite different from the bulk, as the contrast between the diffraction patterns of bulk wurtzite and rock-salt CdSe (Fig. 7B ) and the nanosheets (Fig. 7A) indicates.
In Fig. 8 , we show schematically the relationship between an ideal rock-salt CdSe (110) surface (cut from bulk) and the rocksalt phase CdSe slab studied. In the structure given by our experimental and theoretical results, one can see a relationship between the saw-like rock-salt phase CdSe slab and potential defects in an ideal rock-salt CdSe (110) surface; the light red ellipses show the missing atoms. One can also perceive in the saw-like structure small facets of the rock-salt CdSe (001) surface. 4 . Electronic Structure of CdSe Nanosheets Under High Pressure. Let us look at the electronic structure of the CdSe slabs. Fig. 9A shows the total density of states (TDOS) of CdSe slabs (with ligands) at 7 GPa and 8 GPa. The calculated gap of the CdSe slab at 7 GPa is around 1.7 eV. The wurtzite CdSe slab inherits its bulk semiconducting character; the analogous gap in bulk CdSe is calculated as 1.6 eV (shown in Fig. 9B ). These gaps are too smallexperimentally the bulk gap is 1.7 eV and the nanosheet (at P ¼ 1 atm) gap is 2.6 eV (26) . DFT calculations typically underestimate band gaps in semiconductors (31) . At 8 GPa, the rocksalt CdSe slab has a very small gap between its conduction and valence band. Again, this is similar to the rock-salt bulk phase (shown in Fig. 9B ). The CdSe slabs still "remember" their corresponding bulk character. (002) peak of starting and recovered CdSe, along with observation of the SEM image of the recovered samples, indicates that wurtzite CdSe nanosheets do not undergo either a pressure-or transformation-induced fracture (Fig. 10A) . However, fracture was observed at lower pressure in large-scale two-dimensional CdSe and ZnS nanocrystals without surface-ligand bonding (32) (33) (34) . Similarities in structure and properties of several related semiconductors allow one to correlate CdS and CdTe, and to estimate the elastic strengths of CdSe (35, 36) . We estimate that a 1.4-nm CdSe nanosheet has a yield strength of 4.4-6.8 GPa, which matches well the theoretical strength of 5.3 GPa. [Experiments show that 200-to 450-nm CdS nanocrystals and 15-nm CdTe tetrapods have an experimental yield strength of 2.2 and 2.6 GPa (35, 36) , and their ideal yield strengths are estimated as 4.6 GPa and 6.0 GPa by the Griffith standard of ∼E∕10 (E, Young's modulus). Extrapolating these results to CdSe, CdSe should have a yield strength close to 2.4 GPa (2.2-2.6 GPa). Fracture was observed at a transition pressure of 4 GPa in a 25-nm CdSe nanoribbon (33), but no fracture was observed at 10.7 GPa in 1.4-nm-thick nanosheets. Thus we are able to estimate the yield strength to be 4.4-6.8 GPa. Using E ¼ 53 GPa for bulk CdSe (18), the ideal yield strength of CdSe was calculated to be 5.3 GPa.] Compared to bulk CdSe, the 1.4-nm thick CdSe nanosheets display a dramatical elevation of structural stability and remarkable enhancement of elastic strengths (e.g., yield strength and fracture toughness).
The enhancement of structural stability and elastic strength of lamellar CdSe nanosheets can be correlated with the presence of surface-bonded soft organic ligands. The low surface energy of the (110)-facet dominated morphology (37) of the nanosheet is also likely to be a stabilizing factor, but until we have nanosheets based on other crystal facets we will not know this for certain. The dependence of calculated transformation pres- sure on sheet thickness (Fig. 10B) shows that reduction of nanosheet thickness leads to the rock-salt structure nucleating at ∼14 GPa. [Calculations indicate that the (110) facet has the lowest surface energy (of 0.34 J∕m 2 ) among all crystallographic facets that may contribute to the total internal energy (33), so we added this surface energy contribution to calculate the transformation pressure. In practical calculations, an average surface energy of 0.64 J∕m 2 was used for the rock-salt phase.] This is slightly greater than the observed pressure of 10.7 GPa. However, surface ligands bond to the low energy (110) facets, thus making unlikely a possible role of the surface energy. And this ligand bonding is mainly responsible for the increased stability of the wurtzite structure. A plot of the transformation pressure as a function of ligand length in Fig. 10C allows us to define a critical length of ∼2.3 nm as responsible for the dramatic alteration of the transformation pressure.
When the thickness of a CdSe nanosheet is less than 2.3 nm, the sheet displays a constant transformation pressure of ∼8.1 GPa. Therefore, it is reasonable to use a short ligand (CH 3 -NH 2 ) in computations on CdSe nanosheets, for studying the effect of the ligands on the phase transformation. The CH 3 -NH 2 bonded CdSe nanosheets transform from a wurtzite to a rock-salt structure at 8.0 GPa; without ligand bonding, a lower transformation pressure of 5 GPa was found (Fig. S9) . This difference suggests that in the absence of coordinating stabilizing ligands, the nanosheets will collapse to the bulk structures, leading to a transition pressure only slightly greater than the two pressures of 4.0 GPa and 2.5 GPa (observed in 25-nm-thick nanobelt and bulk CdSe), respectively (18, 33) . Surface-bonded ligands thus appear to take on a simple and important role in preventing nanosheets from direct interactions.
The elastic properties of lamellar CdSe nanosheets, such as yield strength and fracture toughness, as well as their dependence on coordinating ligand length, may be both evaluated by variation of internanolayer distance as a function of pressure, using in situ pressure SAXRD (Fig. 10D) . The distances between nanosheets initially display a normal pressure-dependent reduction, but an unusual expansion appears at 6.5 GPa. Once the internanosheet spacing reaches 3.6 nm at 10.7 GPa, the interlayer distances remain constant. This unexpected phenomenon can be explained by the pressure-tuned changes of the chain structures and consequent lengths of octylamine and oleylamine. [An octylamine molecule has a chemical formula of C 8 H 19 N with a chain length of ∼1.2 nm (1.0-1.2 nm), and we could assume that such a short chain is straight in the absence of external pressure. An oleylamine molecule, C 18 H 37 N, has a chain length of ∼2.0 nm, but it is mostly buckled with variable angles from case to case, ranging from 1.5 to 1.8 nm (Fig. S1 ).]
The slightly buckled and tilted ligand chains attached to two nearby nanosheets we believe penetrate through the chain-chain gap. When the longer and buckled oleylamine chains arrive at the opposite CdSe nanosheet at 6.5 GPa, the buckled oleylamine chains may open up, and upon compression to 10.7 GPa, they may straighten (see cartoon in Fig. 11 ). We are going to study this process theoretically in the future. Unloading pressure results in complete recovery of the internanosheet distance (Fig. 10D) , indicative of an elastic deformation during compression from 0 to 12.7 GPa. Obviously, additional interplay of surface ligands with brittle CdSe results in the enhanced elastic properties. The shear stress, as the key tuning factor for material fracture, is absorbed by the sandwiched soft materials. But when soft materials reduce the length scale, the absorption ability weakens and thus enhances the sheet-sheet interaction.
6. Perspectives and Unique Material Design. Our unique in situ nanosingle-crystal-like X-ray diffraction technique, applied here to surface-bonded CdSe nanosheets, has great potential. The methodology is capable of directly monitoring and mapping pressuredriven atomic position changes, allowing for a reasonably straightforward reconstruction of the transformation pathway.
With the transformation-pathway-associated energy profile in hand, we are able to design previously undescribed groups of metastable high-energy structure materials that not only possess high density and hardness, but also manifest unique properties. Like the dense rock-salt CdSe phase, we could either dope other ions or tune particle size and morphology to build an energy barrier between wurtzite and rock salt. This barrier could effectively block the reverse structural change from rock salt to wurtzite, allowing the rock-salt geometry to be retained at ambient conditions (38, 39) . For instance, cubic diamond persists at ambient conditions due to an energy barrier, but hexagonal diamond faces a small energy barrier and reverts back to graphite (39) . Furthermore, the low surface energy facets tune the structural stability, and the surface-bonded soft ligands act as a shear stress absorber to enhance elastic strength. With the defined critical length scale and the recognized interplay between soft materials and brittle components, we may develop superb strong building blocks that extend elastic strength to its theoretical maximum.
Materials and Methods
Please see SI Text to this paper for details of the synthesis of the nanosheets, their structural characterization, the setup for the high pressure SAXRD and WAXRD measurements, and the computational modeling of the nanosheets under pressure. 
